Cell-based therapies for myelin disorders, such as multiple sclerosis and leukodystrophies, require technologies to generate functional oligodendrocyte progenitor cells. Here we describe direct conversion of mouse embryonic and lung fibroblasts to induced oligodendrocyte progenitor cells (iOPCs) using sets of either eight or three defined transcription factors. iOPCs exhibit a bipolar morphology and global gene expression profile consistent with bona fide OPCs. They can be expanded in vitro for at least five passages while retaining the ability to differentiate into multiprocessed oligodendrocytes. When transplanted to hypomyelinated mice, iOPCs are capable of ensheathing host axons and generating compact myelin. Lineage conversion of somatic cells to expandable iOPCs provides a strategy to study the molecular control of oligodendrocyte lineage identity and may facilitate neurological disease modeling and autologous remyelinating therapies.
A r t i c l e s
Myelin loss or dysfunction affects millions of people worldwide and causes substantial morbidity and mortality. Diseases of myelin in the central nervous system (CNS) are often severely disabling and include adult disorders such as multiple sclerosis and childhood diseases such as cerebral palsy and congenital leukodystrophies. Oligodendrocyte progenitor cells (OPCs), the predominant source of myelinating oligodendrocytes in the CNS, have shown promise as a cellular therapeutic in animal models of myelin diseases [1] [2] [3] . However, sources of OPCs have been restricted largely to allogeneic fetal cells with limited expansion capacity 4 . Thus, technologies to generate scalable and autologous sources of OPCs are of great interest as they would enable large-scale drug screening and cell-based regenerative medicine. Methods based on pluripotent stem cells or direct lineage reprogramming may meet these requirements.
Recently, we showed efficient differentiation of mouse pluripotent stem cells into pure populations of expandable, myelinogenic OPCs using defined developmental signals 5 . In the present study, we sought to apply our understanding of oligodendrocyte development to directly convert mouse fibroblasts to expandable OPCs by forced expression of a small number of transcription factors (TFs) (Fig. 1a) . Several studies have laid the foundation for the use of lineage conversion in regenerative therapies for neurological disorders [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Although these reprogramming technologies have been applied to generate various neuronal fates, such as neurons and neural stem cells, production of myelinogenic OPCs has remained elusive. Here we show that defined sets of transcription factors can reprogram mouse fibroblasts into myelinogenic iOPCs. With further optimization, this approach could provide a source of functional OPCs that will complement, and possibly obviate, the use of pluripotent stem cells and fetal cells in cell-based remyelinating therapies.
RESULTS

Expression of oligodendrocyte-lineage TFs in fibroblasts
Using microarray data 5, 16 , we identified TFs highly enriched in each of the three major CNS lineages: astrocytes (29 TFs), neurons (13 TFs), and OPCs and oligodendrocytes (52 TFs) ( Fig. 1b and Supplementary Table 1) . We selected eight TFs from the OPC and oligodendrocyte lists on the basis of their known roles during oligodendrocyte development or their ability to enhance oligodendrogenesis when expressed in neural progenitors 17, 18 and cloned the coding region of each gene individually into a doxycycline-inducible lentiviral vector (Olig1, Olig2, Nkx2.2, Nkx6.2, Sox10, ST18, Gm98 (Myrf) and Myt1; collectively referred to as 8TF) ( Supplementary  Fig. 1a ). The 8TF lentiviral pool was used to infect mouse embryonic fibroblasts (MEFs) isolated from mice constitutively expressing the reverse tetracycline-controlled transactivator (rtTA) and a modified Plp1-eGFP transgene, which is expressed specifically in both OPCs and oligodendrocytes 19, 20 . The Plp1-eGFP, R26-M2rtTA MEFs were carefully isolated to be free of all neural tissue, as demonstrated by the lack of expression of neural stem cell, neuronal, astrocytic, OPC and oligodendrocytic markers by immunostaining, qPCR, microarray and flow cytometry (Fig. 1c, Supplementary Fig. 1b and Supplementary Fig. 2a,b) .
In all experiments, we monitored both the percentage of infected cells, by immunostaining of the individual TFs, as well as the transgene induction levels, by qPCR (Supplementary Fig. 1b) .
transcription factor-mediated reprogramming of fibroblasts to expandable, myelinogenic oligodendrocyte progenitor cells
A r t i c l e s
Typically, 30-60% of cells were infected with an individual factor. Therefore, when cells were infected with multiple viruses, only a small proportion of cells received all TFs. In spite of this, infection of MEFs with the 8TF pool followed by doxycycline induction (a population designated '8TF-induced' MEFs below) consistently resulted in a large percentage of cells expressing the OPC-and oligodendrocytespecific Plp1-eGFP transgene at day 21 when cells were cultured in defined OPC-promoting culture conditions, containing FGF2, PDGF-AA and sonic hedgehog (SHH) supplements (32.4% ± 9.9%; n = 19 independent biological replicates from three independent lots of lentivirus) (Fig. 1c,d ). Uninfected (no TFs) and uninduced (without doxycycline) Plp1-eGFP MEFs cultured under identical conditions for the entire 21-d time course did not express the Plp1-eGFP transgene (Fig. 1c,d ).
8TF-induced fibroblasts exhibit properties of OPCs
We examined the 8TF-induced MEFs for cellular or molecular features consistent with those of bona fide OPCs. During development, OPCs first emerge from the ventral ventricular zone of the spinal cord, have a bipolar morphology, proliferate in response to PDGF and FGF, express a defined set of oligodendrocyte lineage genes and are uniquely able to generate myelinating oligodendrocytes required for CNS myelin maintenance and repair 16, [21] [22] [23] [24] [25] [26] [27] . After induction of the 8TF-transduced cells, a subpopulation of the cells underwent a marked morphological change within 21 d, from large, flat, spindleshaped cells (fibroblasts) to small, bipolar cells, termed iOPCs after further characterization (Fig. 2a,b) . We assessed whether the 8TF-induced cells could differentiate into oligodendrocytes in response to growth factor removal and addition of thyroid hormone (T3), a 
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A r t i c l e s known inducer of oligodendrocyte differentiation, in vitro 28 . Notably, within 3 d some of the 8TF-induced cells differentiated into cells with a multiprocessed morphology typical of oligodendrocytes ( Fig. 2c) , called induced oligodendrocytes (iOLs). All iOLs expressed myelin basic protein (MBP), an integral protein component of the myelin sheath, and other defining markers of mature oligodendrocytes, including myelin-associated glycoprotein and myelin oligodendrocyte glycoprotein ( Fig. 2d-f ).
The efficiency of reprogramming fibroblasts to iOPCs and iOLs is difficult to calculate as the cells proliferate during the 21-d induction time course and only 1-2% receive all 8TFs from the initial lentiviral infections. However, we calculated that, at day 21, ~1 in 900 cells in our bulk 8TF-induced MEF cultures were capable of generating multiprocessed MBP + iOLs after culture in oligodendrocyte differentiation conditions for an additional 3 d (Supplementary Fig. 3a) . Generation of iOLs was dependent upon 8TF induction, as uninfected (no TFs with doxycycline) or uninduced (8TFs without doxycycline) cells never gave rise to iOLs under identical differentiation conditions (Supplementary Fig. 3a ).
8TF-induced fibroblasts globally express OPC genes
Although the bulk 8TF-induced MEF cultures at day 21 contained only ~0.1-1% fully reprogrammed cells, as evidenced by the efficiency of forming MBP + iOLs, global gene expression analysis of bulk 8TF-induced MEF cultures showed substantial downregulation of the MEF-specific program and large-scale activation of genes specific to the oligodendrocyte lineage (Fig. 2g) . As eight of the OPC-specific genes were initially expressed from our inducible lentiviral vectors, we confirmed, using specific qPCR primers, that the endogenous Olig2 gene, which is required for oligodendrocyte lineage specification, was activated (Supplementary Fig. 3b ). We functionally annotated the gene expression changes caused by 8TF induction using the genomic regions enrichment of annotations tool (GREAT) 29 . GREAT analysis of genes upregulated in 8TF-induced MEF cultures showed significant association (all P < 1 × 10 −5 ) with Gene Ontology (GO) biological processes, such as "myelination" and "gliogenesis"; with Mouse Genome Informatics (MGI) phenotype ontology terms associated with "oligodendrocyte morphology" and "glial cell morphology"; with MGI expression ontology terms, such as "TS22 spinal cord; lateral wall; ventricular layer"; and with Disease Ontology terms, such as "demyelinating disease" and "schizophrenia" ( Supplementary  Fig. 3c , see Supplementary Table 2 for the full list of GREAT results).
Genes downregulated in 8TF-induced MEF cultures showed significant association with a large number of mesodermal processes, consistent with inactivation of the global fibroblast gene expression program ( Supplementary Fig. 3d , and Supplementary Table 2 for the full list of GREAT results).
8TF-induced fibroblasts generate compact myelin
We studied the ability of 8TF-induced MEFs to myelinate axons of hypomyelinated shiverer (Mbp shi/shi ) mice, which completely lack MBP and compact myelin and serve as a model of congenital dysmyelinating disorders 30 . Compact myelin is required for effective saltatory conduction of action potentials along nerve fibers. We first transplanted the cells into organotypic slice cultures of early postnatal shiverer forebrain in vitro (Fig. 3a) 5, 31, 32 . The cells engrafted into forebrain slices, colonized major white-matter tracts, including the corpus callosum, and generated characteristically aligned MBP + myelin sheaths in 10 d (Fig. 3b) . Furthermore, ultrastructural analysis by electron microscopy showed that the cells generated multilayered compact myelin sheaths around hypomyelinated shiverer host axons in slice culture ( Fig. 3c-e) .
We next tested whether 8TF-induced cells could function to myelinate shiverer axons in vivo without continued doxycycline induction of the transgenes. We transplanted 5 × 10 4 8TF-induced cells into the dorsal region of the spinal cord of early-postnatal (P3-4) shiverer mice (n = 4) and analyzed them after 9-14 d (Fig. 3f) . Transplanted cells colonized the dorsal column white matter of shiverer mice and appeared to generate compact myelin sheaths around dorsal column axons (Fig. 3g,h ). As shiverer mice are devoid of MBP and therefore lack compact myelin in the CNS, definitive proof of myelination by transplanted cells requires more detailed analysis. We therefore stained sections of shiverer spinal cord transplanted with 8TF-induced cells and found that the myelin produced was MBP + (Fig. 3i,j) . This shows Plot is rank ordered with OPC-specific genes at the top and MEF-specific genes at the bottom and includes >13,000 genes for which there was signal above background in at least one of the samples. Scale bars, 50 µm (a), 100 µm (b,c),
npg A r t i c l e s that the myelin produced was of donor origin and not derived from shiverer host peripheral Schwann cells that may have migrated into the CNS during transplantation. Moreover, electron microscopy analysis of the produced myelin showed clear evidence of ultrastructurally normal myelin and the presence of major dense lines (Fig. 3k) . We further analyzed and quantified the myelin produced by 8TF-induced cells by calculating g-ratios-a g-ratio is the ratio of axon diameter to total diameter of a myelinated fiber. The g-ratios of myelin produced by 8TF-induced cells was indistinguishable from that of wild-type myelin (wild type, 0.69 ± 0.07; shiverer, 0.88 ± 0.05; 8TF in vitro, 0.68 ± 0.07; 8TF in vivo, 0.70 ± 0.07) ( Fig. 3l-o) .
We noted that the myelin produced from 8TF-induced cells in slice cultures showed clear properties of oligodendrocyte myelin in that individual cells myelinated multiple axons, whereas the same cells transplanted in vivo seemed to myelinate only a single axon, a property consistent with Schwann cell myelination. To explore this issue, we conducted serial block-face scanning electron microscopy on the dorsal column of shiverer mice after transplantation of 8TF-induced cells. Tracing of cell processes and three-dimensional (3D) reconstruction of the resulting images confirmed that individual transplanted cells myelinated only single axons in vivo (Supplementary Movie 1) .
Prospective enrichment of expandable iOPCs
We sought to purify the fully reprogrammed iOPCs from the bulk 8TF-induced cultures by immunosorting. As OPCs are typically defined by the expression of cell-surface markers, including PDGFRα (CD140a), NG2 (Cspg4) and A2B5, we attempted to prospectively Differences between WT and each of the other groups were compared using a twotailed Student's t-test (***P < 2.2 × 10 −16 WT versus shiverer. All others not significant). Scale bars, 25 µm (b), 2 µm (c,l-n), 1 µm (d), 500 nm (e), 100 µm (g,h), 10 µm (i,j) and 100 nm (k).
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A r t i c l e s isolate iOPCs using both the Plp1-eGFP transgene and an additional cell-surface marker. Both PDGFRα and NG2 were expressed on uninduced MEFs, but A2B5 was not. We sorted 8TF-induced MEF cultures at day 21 using A2B5 and Plp1-eGFP and found that 2.30 ± 1.62% (8TF: n = 4 biological replicates from two independent lots of lentivirus) of the cells expressing the Plp1-eGFP reporter were A2B5 + . The A2B5 + cells were a near-homogeneous population of bipolar cells with a morphology similar to bona fide OPCs and different from MEFs ( Fig. 4a-c) . Hierarchical clustering and pair-wise comparisons of global gene expression data showed that 8TF-induced A2B5 + cells correlated tightly with bona fide OPCs (Fig. 4d-f) . GREAT analysis of gene expression patterns in 8TF-induced A2B5 + cells showed significant associations with such patterns in glial-, oligodendrocyte-and myelin-related processes, phenotypes and diseases (Supplementary Table 2 ). The 8TF-induced A2B5 + cells could be stably expanded in culture for at least five passages. After six passages, 8TF-induced A2B5 + cells began to differentiate, senesce and lose Plp1-eGFP expression and were not used further. During passages 1-6, 8TF-induced A2B5 + cells could be readily frozen and thawed without any apparent loss of potential. To analyze their myelinogenic potential, we injected 8TF-induced A2B5 + cells into organotypic slice cultures of early postnatal shiverer forebrain. Cells that were 8TF-induced and A2B5 + preferentially colonized white matter tracts and differentiated into multiprocessed iOLs displaying extensive ensheathment of neuron axons labeled with neurofilament (NF) antibodies within 10 d (Fig. 4g,h) .
Reprogramming fibroblasts to iOPCs with three TFs
In an effort to reduce the number of transcription factors required to generate iOPCs, we induced the expression of eight separate 7TF pools, each lacking a single TF from the original 8TF pool (8TFs -1TF; n = 3 biological replicates), in the Plp1-eGFP/rtTA MEFs and used the percentage of Plp1-eGFP + cells at day 21 as a surrogate assay for reprogramming. Only pools lacking either Sox10 or Olig2 had significant decreases in the percentage of Plp1-eGFP + cells (P < 0.05), indicating that these genes may be required for reprogramming ( Fig. 5a and Supplementary Fig. 4a ). To determine whether these two factors alone were sufficient for reprogramming, we induced Sox10 and Olig2 individually or in combination. We did not observe Plp1-eGFP + cells at numbers similar to those observed with 8TFs ( Fig. 5a and Supplementary Fig. 4b) , and the Plp1-eGFP + cells that were produced did not generate any MBP + iOLs when cultured in differentiation conditions.
To investigate whether a third factor in combination with Sox10 and Olig2 would be adequate to produce iOPCs from MEFs, we induced the expression of three-TF pools. We found that Nkx6.2, when induced with Sox10 and Olig2 (collectively referred to as 3TF), was sufficient to produce Plp1-eGFP + cells (20.8% ± 1.5%; n = 3 biological replicates). After culture in oligodendrocyte differentiation conditions for 3 d, the 3TF-induced cells upregulated the early oligodendrocyte-specific cell-surface marker O4 (9.2% ± 1.5; n = 3 biological replicates), whereas uninduced and uninfected cells never gave rise to O4 + cells under identical culture conditions (Fig. 5b,c) . A subset of the 3TF-induced iOPCs also expressed the mature 
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A r t i c l e s oligodendrocyte marker MBP under oligodendrocyte differentiation conditions at a rate similar to that of 8TF-induced cells (Fig. 5d,e) .
To test whether 3TF-induced iOPCs could differentiate into other CNS cell fates, we cultured the cells in astrocyte-or neuron-promoting conditions in vitro (n = 3 replicates). The cells never gave rise to GFAP + astrocytes or MAP2 + neurons in these conditions, either in the presence or absence of doxycycline (Fig. 5d) . As all 3TF-based experiments were matched to the same viral titer as our 8TF-based experiments, we determined whether increasing the viral titer would enhance reprogramming to iOPCs. A threefold increase in viral titer resulted in a fivefold increase in the percentage of MBP + cells (Fig. 5e and Supplementary Fig. 5a-c) 
A r t i c l e s
We evaluated the reprogramming time-course dynamics and the properties of the 3TF-induced cells. The reprogramming process was largely complete in 10-14 d (Supplementary Fig. 5d ). Global gene expression analysis showed that the 3TF-induced cells largely expressed the OPC-specific network of genes, including endogenous Olig2, and downregulated the MEF-specific network in a similar manner to 8TF-induced cells (Fig. 4d and Supplementary Fig. 5e ). When transplanted into shiverer forebrain slices, 3TF-induced cells colonized the corpus callosum and differentiated into MBP + iOLs (Fig. 5f,g and Supplementary Fig. 5f) . Notably, the cells generated multilayered compact myelin with proper ultrastructure and g-ratios (0.63 ± 0.09) (Fig. 5f,h) .
Finally, as all of our iOPC experiments were first performed on MEFs, we tested the 3TF pool on a different somatic cell type, mouse lung fibroblasts (MLFs) (Supplementary Fig. 6a ). 3TF-induced MLFs showed properties consistent with OPCs, were capable of extensive expansion in vitro, and consistently generated MBP + iOLs at each passage upon growth factor withdrawal and exposure to T3 (Supplementary Fig. 6b,c) . Thus, Sox10, Olig2 and Nkx6.2 are sufficient to reprogram two separate somatic cell types in 14-21 d to iOPCs capable of generating MBP + myelinogenic oligodendrocytes.
DISCUSSION
Here we show that functional iOPCs can be produced by delivering defined sets of transcription factors to mouse fibroblasts. Specifically, expression of three transcription factors, Sox10, Olig2 and Nkx6.2, is sufficient to convert two different sources of mouse fibroblasts to iOPCs that exhibit morphological and molecular features consistent with that of bona fide OPCs. In contrast to the ability of OPCs to form both oligodendrocytes and astrocytes, the lineage of iOPCs appears restricted to oligodendrocytes as they do not generate neurons or astrocytes when exposed to differentiation conditions in vitro. It remains possible that iOPCs could access neuron or astrocyte fates under other conditions. The myelination capacity of iOPCs was tested using organotypic slice cultures, which provide a complex 3D tissue representative of the CNS. When transplanted to postnatal forebrain slices, iOPCs myelinated multiple host axons and generated compact myelin. In contrast, iOPCs transplanted in vivo into the spinal cord appeared to myelinate only single axons, a property exhibited by Schwann cells in the peripheral nervous system. Although this result was initially surprising, bona fide CNS OPCs are known to produce Schwann-like cells in vivo and myelinate only single axons 33 . Collectively, our data show that iOPCs function in vitro and in vivo to generate compact myelin and that different environments may direct them to myelinate single or multiple axons.
As with most current reprogramming strategies, the efficiency of generating iOPCs is low. We demonstrated that increasing the viral titer of the reprogramming factors resulted in an increase in the efficiency of generating functional iOPCs. This suggests that further refinement of the stoichiometry and expression levels of the reprogramming factors will lead to increased efficiency of functional iOPC production. In spite of the low reprogramming efficiencies, we showed that iOPCs could be prospectively isolated from the bulk reprogramming cultures using the monoclonal A2B5 antibody. Sorted A2B5 + iOPCs could be expanded for up to five passages while maintaining the ability to differentiate into oligodendrocytes and myelinate host axons after transplantation. Immunosorting of expandable iOPCs should facilitate the use of these cells in molecular and transplantation-based studies that require large numbers of cells.
The potential of cell-based therapies for myelin disorders relies on the ability to generate autologous myelinogenic cells for transplantation.
The most promising cell source for such therapies is OPCs. Mature oligodendrocytes largely fail to remyelinate host axons after transplantation. Although neural stem cells and induced neural stem cells can generate oligodendrocytes, the efficiency of this process is quite low, and the cells have a propensity to form neurons and astrocytes. In contrast, iOPCs appear restricted to the oligodendrocyte lineage. We have shown that iOPCs integrate into the CNS and myelinate axons of congenitally dysmyelinated mice in vivo after transplantation. However, for iOPCs to have clinical relevance, future studies must extend this reprogramming strategy to human somatic cells and demonstrate extensive CNS myelination and long-term functional benefit to transplant recipients.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession code. GEO: GSE45440
Note: Supplementary information is available in the online version of the paper. 
ACKNoWLeDgMeNTs
ONLINE METHODS
Isolation of Plp1-eGFP, R26-M2rtTA fibroblasts. Both MEFs and MLFs were isolated at embryonic day 13.5 (E13.5) from embryos generated through timed natural matings between Plp1-eGFP mice 19 and rtTA mice (B6.Cg-Gt(ROSA) 26Sortm1(rtTA*M2)Jae/J; Jackson Laboratory). For MEFs, the head, spinal cord and all internal organs were carefully removed to eliminate contamination with any neural precursors. The remainder of the tissue was cut into small pieces and dissociated using 0.125% trypsin-EDTA (Invitrogen). Cells were expanded for one passage and cryopreserved for future use. MLFs were isolated by dissociating pooled lung lobes using 0.125% trypsin-EDTA, expanded for two passages and cryopreserved for future use. Both MEFs and MLFs were derived in DMEM supplemented with 10% FBS (FBS), 2 mM glutamax, 1× nonessential amino acids and 0.1 mM 2-mercaptoethanol.
Selection of 8TFs.
The following publically available GEO data sets were used for Fig. 1b: GSM241931, GSM241936 , GSM241929, GSM241937, GSM241934 and GSM241933 (ref. 16 ). Putative transcription factors were filtered by selecting genes with both a 'GO cellular component term' "nucleus" and a 'GO molecular function term' "DNA binding. " Transcription factors that were enriched over threefold in a particular lineage were selected and crossreferenced with our own microarray data of stem cell-derived OPCs and oligodendrocytes (GEO data set: GSE31562). Data were then z-scored and plotted in R using the heatmap.2 function of the gplots package.
Production of lentivirus.
The mouse coding regions of Myrf, Myt1, Nkx2.2, Olig1, ST18, Nkx6.2, Olig2 and Sox10 were cloned into the pLVX-Tight-Puro vector (Clontech). VSV-G pseudotyped lentivirus was generated according to the manufacturer's protocol using the Lenti-X HT Packaging Mix and LentiPhos or Cal-Phos Mammalian Transfection Kit (all from Clontech). 293T cells (Clontech) cultured on rat tail collagen I coated plasticware (BD Biosciences) were seeded to a density between 6.0-8.5 × 10 4 cells/cm 2 and transfected 16 h later. Individual supernatants containing virus were harvested at 48 and 72 h post-transfection and filtered with 0.45 µm PVDF membrane (Millipore). iOPC generation. MEFs or MLFs were seeded at 1.3 × 10 4 cells/cm 2 , allowed to attach overnight and infected with fresh lentivirus supplemented with polybrene (8 µg/ml) four times over a 2-d period. For 8TF infection, an equal volume of fresh lentiviral supernatant was mixed from each of the 8TFs before infection. To facilitate the comparison of data between 3TF and 8TF experiments, 3TF infections were done by mixing equal volumes of fresh lentiviral supernatant from each of the 3TFs and diluted with five equivalent volumes of MEF medium. For 'high viral titer' experiments in Figure 5 , an equal volume of lentiviral supernatant from the 3TFs was mixed and added directly to cells without further dilution. The end of the virus infection period was termed 'day 0' . Cells were either uninduced or induced with 2 µg/ml doxycycline (Clontech) for 3 d in MEF culture conditions. Cells were then lifted with TrypLE Select (Invitrogen) and either frozen or seeded at 2.0 × 10 4 cells/cm 2 on Nunclon-∆ plates precoated with 0.1 mg/ml poly-l-ornithine (Sigma) and 10 µg/ml laminin (Sigma; L2020) and cultured in OPC medium, which consisted of DMEM/F12 (Invitrogen, 11320) supplemented with 1× N-2 Plus or 1× N-2 Max (R&D Systems), 1× B-27 without vitamin A (Invitrogen), 2 mM Glutamax (Invitrogen), 200 ng/ml SHH (R&D Systems), 20 ng/ml FGF2 (R&D Systems) and 20 ng/ml PDGF-AA (R&D Systems). Media was changed every 2 d. Putative iOPCs (Plp1-eGFP + cells) were typically sorted from day 14-21 using a FACSAria (BD Biosciences) and further expanded in OPC medium with FGF2, PDGF-AA and SHH in the presence or absence of doxycycline. iOPCs were passaged every 3-5 d with TrypLE Select and could be readily frozen and thawed in DMEM supplemented with 10% FBS and 10% DMSO (Sigma).
iOPC differentiation to iOLs. For differentiation of 8TF-induced or 3TF-induced cells into iOLs, cells were seeded at 2.1 × 10 4 cells/cm 2 (MEFs) or 1.1 × 10 4 cells/cm 2 (MLFs) and differentiated with DMEM/F12 supplemented with 1× N-2,1x B-27 without vitamin A, 2 mM Glutamax, 40 ng/ml T3 (Sigma), 200 ng/ml SHH, 100 ng/ml Noggin, 50 µM cAMP, 100 ng/ml IGF and 10 ng/ml NT3, either in the presence or absence of doxycycline on polyl-ornithine-and laminin-treated cultureware. Cultures were fixed after 3 d and stained for MBP. iOLs were quantified by manually counting the number of multiprocessed MBP + cells relative to the number of cells seeded. For 3TF lineage differentiation experiments seen in Figure 5d , cells were cultured in either neuronal differentiation medium consisting of Neurobasal (Invitrogen, 21103-049) supplemented with DMEM/F12 (Invitrogen, 11320-033), 1× N-2, 1× B-27 with vitamin A (Invitrogen,17504004), 2 mM Glutamax, and 20 ng/ml BDNF (R&D Systems) for 7 d or astrocyte differentiation medium consisting of DMEM/F12 supplemented with 1× N-2, 1× B-27 without vitamin A, 2 mM Glutamax, 10 3 units/ml LIF and 50 ng/ml BMP4 (R&D Systems) for 3 d.
Immunocytochemistry. Cells were prepared for immunostaining by fixation in 4% paraformaldehyde (Electron Microscopy Sciences) for 15 min and subsequent permeabilization for 10 min with 0.2% Triton-X in PBS. Cells were then blocked for nonspecific binding with filtered 10% normal goat (Abcam) or 10% donkey serum (Abcam) in PBS for 1-2 h at room temperature. Primary antibodies were diluted in blocking solution and incubated with the samples overnight at 4 °C. Samples were rinsed with PBS and incubated with the appropriate fluorescently labeled Alexa-Fluor secondary antibodies (Invitrogen, 1:500) for 1 h at room temperature. Nuclear staining samples were incubated with 1 µg/ml DAPI (Sigma) for 5 min. Primary antibodies used were: Sox10 (R&D Systems, AF2864; 2 µg/ml), Olig2 (Millipore, AB9610; 1:1,000), Nkx6.2 (Abcam, ab58708; 1 µg/ml), Sox1 (R&D Systems, AF3369; 1 µg/ml), Sox2 (R&D Systems, MAB2018; 1 µg/ml), Pax6 (Covance, PRB-278P; 0.67 µg/ml), Oct3/4 (Santa Cruz, SC-5279; 0.4 µg/ml), Nkx2.2 (DSHB, 74.5A5; 4.4 µg/ml), GFAP (DAKO, Z0334; 0.58 µg/ml), MAP2 (Millipore, AB5622; 2 µg/ml), MBP (Covance, SMI-99P; 2 µg/ml), MBP (Abcam, ab7349; 1:100), myelin-associated glycoprotein (Millipore, MAB1567;10 µg/ml) and myelin oligodendrocyte glycoprotein (Millipore, MAB5680; 5 µg/ml). For O4 staining, cells were incubated live with 10% donkey serum and O4 antibody (Miller Lab; 1:10) for 20 min. Cells were then gently rinsed three times with cell medium and fixed with 4% PFA in PBS. Staining was then completed as detailed above.
FACS and flow cytometry. For Plp1-eGFP expression analysis, cells were analyzed on a FACSAria or LSR flow cytometer (BD Biosciences) and plots were generated with WinList 3D 7.0 software. Gates for Plp1-eGFP were set with negative control cells (wild-type MEFs without a GFP transgene) at <0.1% positive cells. For A2B5 immunosorting, cells were collected from culture and blocked in 10% normal donkey serum for 30 min. Cells were then stained with A2B5 primary antibody (R&D Systems, MAB 1416; 5 µg/ml) for 30 min followed by incubation with Alexa Fluor-labeled secondary antibody (Invitrogen; 4 µg/ml) for 20 min. Isotype control antibody was used as a staining control and to set gates (Mouse IgM, Invitrogen; 5 µg/ml) with Alexa Fluor secondary antibody (Invitrogen; 4 µg/ml). Some experiments were carried out with APC-conjugated A2B5 (Miltenyi Biotec, 130-093-582; 1:11) and conjugated isotype control (Miltenyi Biotec, 130-093-176; 1:11). PDGFRα and NG2 flow cytometry was carried out as detailed previously 5 .
RNA isolation and qPCR. Total RNA was isolated as for gene expression analysis. 400 ng of RNA was reverse transcribed with SuperScript III Reverse Transcriptase (Invitrogen) and qPCR was performed using 8 ng of cDNA with TaqMan Gene Expression Master Mix and TaqMan probes: Sox10 (Mm01300162_m1), Nkx6.2 (Mm00807812_g1), Olig1 (Mm00497537_s1), Nkx2.2 (Mm01275962_m1), Myt1 (Mm00456190_m1), ST18 (Mm01236999_m1), Gm98 (Myrf) (Mm01194959_m1) and Olig2 (AJVI3GC, custom) on the 7300 Real-Time PCR System (Applied Biosystems). Endogenous Olig2 expression was detected using the Olig2 (Mm01210556_m1) TaqMan probe in which one primer sits outside of the CDS and therefore does not detect expression from the Olig2-inducible lentiviral vector. All expression data were normalized to Gapdh (Mm99999915_g1) and samples in which no expression was detected were given an arbitrary Ct value of 40. All analyses were performed with quadruplicate technical replicates for each of a minimum of three independent biological replicates. Relative expression levels were determined by calculating 2 −∆∆Ct with corresponding s.e.m.
Global gene expression. Cells were lysed in 1 ml TRIzol (Invitrogen) and stored at −80 °C until ready for use. Chloroform separation was enhanced with Phase-Lock Gel Tubes (5 Prime). The aqueous phase was collected and the RNA isolation completed with the RNeasy Plus Kit (Qiagen) according to npg
